Seymour Kety became interested in the brain as a young man in high school, and like many before him became determined to gather data on how the human brain worked. Past successes had been few, but as with most things he did, Kety proved more resourceful and clever than his predecessors.
He first set himself the task of understanding human cerebral circulation. Two past attempts had tried to measure cerebral circulation by arteriovenous oxygen difference across the brain. Kety realized that this difference, "being a function of both blood flow and oxygen consumption, was not a valid measure of either alone" (Kety 1979) . He would proceed to disentangle them.
His solution was based on the Fick equation (see Figure 1) , which itself was derived from the fact that the change in the concentration of a substance in a tissue or organ would be equal to the difference in the substance in entering (arterial) and exiting (venous) blood multiplied by blood flow and duration of flow. The Fick equation required that the organ release or absorb the substance in question at a constant rate. Kety knew that there was no endogenously occurring measurable substance that fulfilled these criteria for the brain. Instead, he and his senior colleague, Carl Schmidt, substituted an exogenously administered inert gas, nitrous oxide (Kety and Schmidt 1945) . The arteriovenous difference in concentration of nitrous oxide would not be a constant, and Kety substituted the integral of the difference for the constant difference of the Fick equation (Kety and Schmidt 1947) . Lastly, he could not measure the concentration of nitrous oxide in brain directly. Instead, he reasoned that the ratio of brain to blood nitrous oxide would reach a steady state over time, and that the brain concentration of gas could be estimated from the venous concentration of gas times the solubility constant of nitrous oxide in brain versus blood (Kety 1950) . This solubility constant, too, he derived from original experimentation (Kety et al. 1948a) .
The Kety-Schmidt equation (see Figure 1 ) proved to be not just ingenious, but accurate in estimating cerebral blood flow. Knowing cerebral blood flow, Kety could calculate cerebral oxygen consumption from measuring the anteriovenous differences in oxygen levels. Kety, himself, used the techniques he developed to study a wide range of disorders and conditions, examples of which are listed in Table 1 . Some of his findings were unexpected, all of them were interesting. For example, he showed that global cerebral oxygen consumption paralleled depth of anaesthesia or coma (Wechsler et al. 1951) . Also, contrary to expectations that brain activity would be reduced during normal sleep, he found no reduction in oxygen consumption, presaging the nowcommon knowledge that the brain is quite active during sleep (Mangold et al. 1955) .
With his technique, Kety took his first step beyond brain physiology and into the study of psychiatric disorders, by examining cerebral blood flow and oxygen consumption in patients with schizophrenia. He found no disease-related alterations (Kety et al. 1948b) . As his method measured global change, the result only suggested that there was no course brain disease in these patients. Kety realized that, as with most disorders of the brain, schizophrenia was characterized by specific symptoms, not global compromise of function, and that abnormalities of brain activity in schizophrenia might only be apparent if techniques were developed to determine regional, not global, activity. He set out to refine his methods to accomplish that purpose. Regional brain neuronal activity was known to be strongly correlated with regional blood flow and metabolism. With Lou Sokolof, Kety developed the use of radioactive tracers to measure local blood flow and metabolism. They applied the technique in animals, using autoradiography as a means of detection (Landau et al. 1955) . Kety suggested that the same approach would apply to the study of human brain with the design of appropriate tracers and external detectors. From these origins came positron emission tomography (PET) and single photon emission computed tomography (SPECT). The principles also apply to functional magnetic resonance imaging (fMRI), in which the tracer is either an exogenously administered paramagnetic agent or endogenous levels of paramagnetic deoxyhemoglobin, each of which affects the local magnetic field and changes the MR signal in accordance with changes in local blood volume and flow.
The methods first developed by Seymour Kety continue to be the basis of human neuroimaging. The findings presented below were obtained by investigators mentored by Seymour Kety, working in laboratories which are the continuation of those he founded at McLean Hospital. They are presented as further evidence of the power of Kety's approach of studying regional brain activity to elucidate clues as to the abnormalities underlying the symptoms and syndromes of psychiatric illness.
DEFINING REGIONAL CHANGES IN BRAIN ACTIVITY IN SCHIZOPHRENIA AND DURING ITS TREATMENT
It is not likely that any single lesion or dysfunction of any single site is responsible for the diverse symptoms of schizophrenia. However, Seymour Kety's data suggest that there is no substantial general dysfunction of the brain in schizophrenia either. Rather, schizophrenia may be associated with abnormalities in a small number of brain regions. Candidate regions have been suggested, including the prefrontal cortex, amygdala, hippocampus, anterior cingulate cortex and thalamus (Stevens 1973; Carlsson and Carlsson 1990; Yurgelun-Todd et al. 1996b; Benes 2000) . All of these regions are under study in our laboratories and others. Among these regions, the thalamus seems to be one particularly attractive candidate for abnormal function, given that the symptoms of schizophrenia are a dysregulation and disassociation of the elements of perception, thinking and feeling (Andreasen 1995) , and the thalamus is part of the circuit modulating perception, thinking and feeling and the integration of these func- BF is blood flow, Q is the quantity of reference substance taken up, (A-V) is the arteriovenous difference in the reference substance, t is the time over which uptake is measured.
In the Kety-Schmidt equation:
CBF is cerebral blood flow, V u is the venous concentration of the reference substance at the end of measurement, S is the brain to blood partition coefficient or solubility constant of the reference substance, is the integral of the arteriovenous difference over the time of measurement (0 to u). tions into conscious experience (Crosson and Hughes 1987; Swerdlow and Koob 1987) . Several direct lines of evidence implicate the thalamus in schizophrenia. Structural studies of the brain have included post mortem analyses and in vivo magnetic resonance imaging (MRI). Post mortem analyses consistently show neuronal reductions in thalamus, particularly mediodorsal thalamus, in schizophrenia (Pakkenberg 1990; Bogerts 1993; Shapiro 1993) . MRI studies have not only repeatedly demonstrated reductions of thalamic volume (Andreasen et al. 1994; Buchsbaum et al. 1996) , but these reductions have been observed early in illness, during first episode of psychosis (Ettinger et al. 2001) , and in children with psychotic disorders (Kumra et al. 2000) .
Most functional studies also document abnormalities, measured as altered blood flow (Vita et al. 1995; Lewis et al. 1992) or metabolism (Weisel et al. 1987; Tamminga et al. 1992; Buchsbaum et al. 1996) , in thalamus in schizophrenia, with these changes correlated to symptom severity. Moreover, antipsychotic drugs, which ameliorate the symptoms of schizophrenia, have also been shown to produce changes of activity in the thalamus, as documented both in animals and human subjects (see Cohen et al. 1998 for review). These findings are exciting because they identify regions of focal pathology in schizophrenia, as well as provide insight into potential treatment strategies.
Several next steps are logical. Past functional studies in human subjects have been general surveys in which brain activity levels are determined in many regions. Also, most past studies have been oriented to documenting baseline activity of the brain rather than regional changes in activity associated with functional demands. Studies focused on the thalamus, per se, are needed and such studies would be made more valuable by using challenge tasks and drug administration to alter thalamic response. Additional human and animal studies to test the extent to which the therapeutic effects of antipsychotic drugs are mediated at least in part in the thalamus would also be valuable. These should include efforts to see if drug-induced alterations in thalamic activity are constant across various and diverse antipsychotic drugs and specific to these drugs, as well as attempts to determine which cells and circuits are responding to antipsychotic drugs. Initial studies of this kind are described below.
ANIMAL MODEL STUDIES
There are clear limitations in generalizing from animal models to responses in human brain. Nonetheless, animal studies have provided good clues as to the mechanisms and sites of action of psychotropic drugs. In addition, animal studies allow a much higher degree of resolution than human studies.
For antipsychotic drugs, most past studies in animals have focused on the basal ganglia, to which there is a large dopamine input and where the extrapyramidal effects of antipsychotic drugs are likely mediated. In fact, the degree of antipsychotic drug effects in the basal ganglia in the rat correlate highly with extrapyramidal side effects observed during clinical use (Nguyen et al. 1992; Wan et al. 1995) .
Far fewer findings have been reported for other brain areas, including the thalamus. The studies which have been published, most of which use 2 deoxyglucose autoradiography, consistently show altered regional metabolic activity in medial thalamic nuclei (McCulloch et al. 1982; Pizzolato et al. 1984 Pizzolato et al. , 1987 Tarazi et al. 1992) .
The first studies of antipsychotic drug effects in the thalamus at the cellular level of resolution measured expression of the protein Fos, which is elevated in cells with higher activity (Morgan and Curran 1991) . These studies observed antipsychotic drug-induced changes in activity of neurons in the midline thalamic nuclei, including the paraventricular nucleus, the centromedial nucleus, the rhomboid nucleus and the nucleus reuniens (Deutch et al. 1995; Cohen and Wan 1996 ; and see Figure  2 ). This effect of neuroleptic antipsychotic drugs was observed across a wide range of agents, including the pure dopamine D2 antagonist, raclopride; the typical neuroleptic, haloperidol; the mixed monoamine antagonists, chlorpromazine and thioridazine; the dopamine D2 and serotonin SHT2 antagonists risperidone and olanzapine; and the atypical antipsychotic, clozapine (Cohen et al. 1998; Cohen et al. unpublished observations) .
Preliminary evidence shows that the cells responding appear to be Dynorphin containing gabaergic neurons (Ma et al. 2000 ; and see Figure 3 ). The actions of Figure 2 . Activation of midline thalamic nuclei by antipsychotic drugs. Computer-generated camera lucida drawings of cells expressing Fos-like immunoreactivity in midline thalamic nuclei, produced from coronal sections at bregma 2.12, from Sprague Dawley rats treated with haloperidol 1 mg/kg IP, clozapine 20 mg/kg IP or vehicle. Fos, the protein product of the immediate early gene cfos, identifies activated cells. PVN paraventricular nucleus, CM central medial nucleus, IAM interanteromedial nucleus, Rh rhomboid nucleus, RE nucleus reuniens.
antipsychotic drugs on these neurons may be direct, as there is dopaminergic, noradrenergic and serotonergic innervation of thalamus (Groenwegen 1988; Nieuwenhuys et al. 1988; McCormick 1989; Young and Wilcox 1991; Ma et al. 1991; Huang et al. 1992; Otake and Ruggiero 1995) . Alternatively, they may be mediated by drug actions at other sites that are directly or indirectly connected to the thalamus.
Notably, the effects observed in the thalamus are among the few shared by all classes of neuroleptic anti- A spinecho planar imaging sequence was used (TR ϭ 1 s, TE ϭ 100 ms) with a 3-mm skip. All scans were performed on the axial plane. The scans were made following a bolus of gadolinium contrast agent (0.2 meq/kg) injected over 6 s. Ten functional and T1*-weighted matched structural images were collected in each subject. Blood volume was calculated using a software program that displays the functional images and provides a tool for drawing multiple regions within each slice. Note increases in CBV in the thalamic region after risperidone. psychotic drugs. Equally important, the effects appear specific to antipsychotic drugs, as they are not shared by anticholinergic sedative or anxiolytic drugs (Cohen et al. unpublished observations) . These characteristics suggest that antipsychotic drug-induced changes in activity observed in the thalamus might be associated with the clinical therapeutic effects of antipsychotic drugs.
STUDIES IN HUMAN SUBJECTS
Thalamic nuclei responding to antipsychotic drugs in animal studies are heavily interconnected to other brain regions suspected of mediating the symptoms of psychosis, including the amygdala, prefrontal cortex, cingulate cortex, hippocampus and nucleus accumbens (Groenwegen 1988; Su and Bentivoglio 1990; Vogt et al. 1993) . Comparable thalamic regions in human brain are in mediodorsal thalamus, which includes the mediodorsal thalamic nucleus as well as midline or intralaminar nuclei including the central medial nucleus. These are exactly the regions which show the greatest abnormalities in post mortem (Pakkenberg 1990 ) and in vivo magnetic resonance structural studies of schizophrenia (Byne et al. 2001) .
Functional magnetic resonance imaging provides a powerful approach to explore whether thalamic activity, not just thalamic anatomy, is altered in schizophrenia and whether thalamic activity changes during treatment with antipsychotic drugs. The advantages of fMRI techniques for this purpose include higher spatial and temporal resolution than are available through the alternatives of PET or SPECT (Stoll et al. 2000) . In addition, fMRI offers the ability to conduct serial studies safely, allowing dynamic measures of drug effects and activation during cognitive tasks to be obtained (Yurgelun-Todd and Renshaw 1999) .
In a protocol comparable to that used in animal studies, the acute regional response of mediodorsal thalamic nuclei to antipsychotic drugs was estimated by cerebral blood volume changes in drug-free, psychiatrically healthy volunteers who took single oral doses of risperidone and placebo. A 3-h time point after dosing was chosen for drug/placebo comparisons based on preliminary studies of the time course of antipsychotic drug effects. Cerebral blood volume (CBV), measured by dynamic susceptibility contrast MRI, increased modestly (6%) throughout the brain after risperidone. More prominent increases in CBV (17%) occurred in mediodorsal thalamus (see Figure 4) , as hypothesized. These findings complement the results from animal studies and suggest that thalamic blood volume and activity is altered in human subjects after acute treatment with risperidone.
Abnormality of activation of the thalamus in schizophrenia was tested using blood oxygenation level detection (BOLD) fMRI during performance of a word fluency task which had previously demonstrated signal changes in frontal and temporal regions in these patients (Yurgelun-Todd et al. 1996a ). The mediodorsal thalamic nuclei have also been shown to participate during the completion of the word fluency task (Frith 1995) . Activation of mediodorsal thalamus showed strikingly little evidence of response in subjects with schizophrenia in contrast to age-matched psychiatrically healthy subjects, even though both groups of subjects performed equally well on the task (see Figure 5 ). The subjects with schizophrenia were all receiving antipsychotic medication. However, these medications may not explain the difference observed in thalamic activation, since exposure to antipsychotic agents did not alter BOLD response in independent studies of volunteers before and after drug exposure (Cohen et al. unpublished observations) .
DISCUSSION
The studies reported are early attempts to link functional imaging in animal and human subjects, with the purpose of defining the molecular and neuronal circuit alterations that underlie schizophrenia and explain response to treatment. The results obtained are promising, in that drug-related and illness-related changes appear to be documentable at all levels of inquiry. Nonetheless, many issues remain to be addressed about the interpretation of the data.
That the acute administration of the antipsychotic agent risperidone has a general effect on CBV is not surprising, as adrenergic, dopaminergic and serotonergic neurotransmission are all antagonized by risperidone, and all determine vascular tone. The effect is not large as compared with other vasodilating drugs (Levin et al. 1995) . Over and above this whole brain effect, a substantial increase in CBV was observed in mediodorsal thalamus. During cognitive tasks or drug challenges, such localized CBV increases can reflect local increases in neuronal activity (Belliveau et al. 1991; Levin et al. 1995) . Thus the drug-induced CBV increase in mediodorsal thalamus in human subjects is probably analogous to the Fos protein increase in thalamic neurons in rat studies. Each is a marker of neuronal response.
It is not yet known in rat or human whether changes in thalamic activity are due to direct or indirect effects of antipsychotic drugs. The regions showing activation share reciprocal innervation with prefrontal cortex, amygdala and nucleus accumbens, each of which, in turn, are innervated by dopamine and other monoamine neurons (Groenwegen 1988; Su and Bentivoglio 1990; Vogt et al. 1993; Lavin and Grace 1998) . However, the thalamus, too, in human as in rat, shows evidence of dopamine and other monoamine innervation (Nieuwenhuys et al. 1988; Farde et al. 1997) . Thus the effects observed may well be direct ones.
Results we have observed in animals are consistent with those observed by Deutch et al. (1995) , although precisely the same regions were not studied. In human subjects, Bartlett and colleagues surveyed brain response by flurodeoxyglucose (FdG) PET after 5 mg of haloperidol given intramuscularly. Among other findings, they reported decreased glucose metabolism in the thalamus in healthy volunteers (Bartlett et al. 1994 ) and responders to antipsychotic medication (Bartlett et al. 1998 ). It is not clear why our study showed an increase in CBV, implying greater activity, and the studies of Bartlett and colleagues showed decreased glucose metabolism. With PET, in contrast to fMRI, it was not possible to isolate a signal from mediodorsal thalamus. Rather, the studies by Bartlett and colleagues included contributions from a much larger region of brain. In addition, both dose and timing may be important determinants of response. We measured effects of a small dose of risperidone at 3 h after oral dosing, a time when blood and brain levels of drug should be stable or rising. Bartlett and colleagues measured effects of a large dose of haloperidol, but at 12 h after dosing, at a time when blood and brain levels of drug should be falling. Both findings may well be correct, and the study of effects of other doses and at additional times would be well worthwhile.
The large decrease we observed in apparent activation of the mediodorsal thalamus during a word fluency task in subjects with schizophrenia suggests a profound abnormality either related to disease itself or its drug treatment. Crespo-Facorro et al. (1999) observed decreases in regional cerebral blood flow (rCBF) in the thalamus, as measured by 15 O H 2 O PET, during recall of word lists in subjects with schizophrenia versus healthy volunteers. The subjects were all drug free. By comparison, Lewis et al. (1992) observed increased rCBF by HmPAO SPECT in thalamus during a word fluency task in medicated subjects with schizophrenia. Neither the PET nor SPECT study surveyed thalamus alone, nor could they focus on mediodorsal thalamus.
Taken as a whole, it appears likely that there are abnormalities of thalamic activation in schizophrenia. However, further investigation will be required with more patients on and off drugs and additional cognitive tasks before the relationship between schizophrenia and abnormal thalamic function can be determined.
CONCLUSION
Seymour S. Kety was among the most talented of clinical scientists. He was also a gifted thinker concerning the progress of science. He believed that knowledge usually advanced by small steps, based on the contribution of in- Figure 5 . Time-signal intensity plots illustrating the changes in BOLD activity in the medial dorsal thalamus during the verbal fluency task. Data is presented for psychiatrically healthy subjects (top panel) and patients with schizophrenia (bottom panel). Scanning was performed on a 1.5 Tesla scanner using a quadrature head coil. Functional images were collected every 3 s while the subject was engaged in the cognitive challenge paradigm. The images were acquired using a gradient echo pulse sequence (TE ϭ 40 ms, flip angle ϭ 75Њ). An image matrix of 64 ϫ 128 was used with a 3 ϫ 3-mm in-plane resolution and a 6-mm slice thickness. Note the clear signal change in healthy subjects, associated with task performance, which is absent in the subjects with schizophrenia.
vestigators of many disciplines, some focused on parts and some on synthesis of the whole of an entity (Kety 1960 (Kety , 1979 . He, himself, made key contributions to several disciplines, including physiology, genetics, and therapeutics.
It was an honor to know Seymour Kety, a privilege to work with him, and a pleasure to have the opportunity to try to build on what he accomplished. We submit our published work and pilot studies as small pieces of the legacy Seymour Kety left through his students.
